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ABSTRACT
The unicellular marine red alga Rhodella violacea 
(Kornman) Wehrmeyer was studied with the transmission 
electron microscope. R^ violacea shares many vegetative 
ultrastructural features with R^ _ maculata, particularly the 
previously unreported protrusion of the nucleus into the 
pyrenoid of the chloroplast. However, Rhodella violacea has 
very different ultrastructural features from the other 
members of the genus Rhodella particularly the remaining two 
species of Rhodella, R. reticulata and R_^  cyanea.
A study of cell division reveals further differences 
between R^ violacea and the only other unicells that have 
been examined. There are also several interesting 
similarities in mitotic ultrastructure between R_^_ violacea 
and members of the higher orders of the Rhodophyta. The 
nucleus associated organelle of R^ _ violacea is a polar ring. 
Its structure is very similar to the majority of the red 
algae, but very different from that of Porphyridium 
purpureum. Unlike what is observed in R^ reticulata, 
Flintiella sanguinaria and the multicellular Batrachospermum 
ectocarpum, no deeply penetrating nuclear channels develop 
during prometaphase. Instead, shallow, microtubule-filled 
nuclear pockets develop which subsequently break apart, 
resulting in an intranuclear spindle with an extranuclear 
origin. The nuclear envelope remains intact except for the 
broad gap at each pole which contains small fragments of 
membrane of uncertain origin. Perinuclear ER is present, a 
feature not observed in any of the unicellular algae that 
have been studied. The pyrenoid remains very closely 
associated with the dividing nucleus, both laterally and at 
the division poles. Anaphase is characterized by relatively 
little elongation of the interzonal region before it becomes 
invaded by vacuoles. The daughter nuclei appear to be held 
apart from each other by a system of microtubules which 
extend from an exclusion zone at the periphery of each 
nascent cell.
Comparison of mitosis in R^ violacea with mitosis of 
the other nine species of red algae in which cell division 
has been studied, reveals that the differences in the 
mitotic events in R^ violacea may be signficant enough to 
consider its mitosis as a sixth mitotic pattern, to be added 
to the already existing five mitotic patterns in the red 
algae. Conclusions that can be drawn from this study 
include: 1. R^ violcea and R^ maculata are the only two
species of Rhodella which contain features consistent with
those used to define the genus, and; 2. based on 
information gathered from vegetative and mitotic 
ultrastructure the order Porphyridiales is a very 
heterogenous order, whose members need to be studied more 
carefully in order to more accurately assess the taxonomic 
position of each of the members of the order.
ULTRASTRUCTURAL ANALYSIS OF VEGETATIVE AND MITOTIC CELLS 
OF THE UNICELLULAR RED ALGA RHODELLA VIOLACEA
Introduction
Difficulties in classifying the lower eucaryotes 
result from the limitations of the conventional methods of 
systematics which are based on the gross morphology and 
component structures which are observable by the light 
microscope. The development of modern methods to observe 
and analyze the diversity of the subcellular structures of 
these organisms, particularly the utilization of the 
electron microscopy and biochemistry, could greatly improve 
the validity of assessments of taxonomic positions if 
appropriate characters are used. With the use of the 
transmission electron microscope (TEM), careful
investigation of subcellular characters could "lead to a 
clearer understanding and sometimes a reassessment of higher 
taxonomic hierarchies" (Duckett and Peel 1978). Deciding 
which characters can legitimately be used requires careful 
evaluation. A general guideline for deciding on which 
features are to be used as phylogenetic markers is provided 
by Heath (1986). The choice of characteristics to be used 
depends upon the group that is to be considered. For 
instance, features found in only one family could be useful 
in determining relationships within that family, but would 
be of considerably less value if applied to a broader 
phylogeny. Heath emphasizes that the markers used for 
assessing phylogeny must have suitable characteristics, of
3which he named five:
a. The markers must be universally applicable to all 
taxa under consideration.
b. They should be removed from debate concerning the 
endosymbiotic acquisition of organelles. It would 
follow that organelles believed to have been derived 
from an endosymbiotic relationship, such as 
chloroplasts or mitochondria, should be omitted from 
consideration as phylogenetic markers. This is because 
it could then be argued that different organisms 
containing similar plastids may have acquired them at 
different times from different endosymbiotic
relationships.
c. They should be easily described and measured.
d. They should exhibit considerable interspecific 
diversity yet be stable and consistent within a 
species. This only holds with the assumption that a 
broad range of taxa have been examined for this 
feature. If there is extensive diversity in a process 
or structure, the pressure for stability or convergence 
is relatively low and more likely to arise from common 
ancestry.
e. They should be universally detectable in one variant 
or another. For example, if a characteristic is absent 
in a relatively unknown organism, it may mean simply 
that it was not able to be detected rather than absent.
With these guidelines, it becomes apparent that there 
is no one ideal character. However, of all the criteria 
investigated by Heath, mitosis provides a set of characters 
which best fits these guidelines. All eucaryotes possess 
some mechanism by which mitosis is accomplished. There is 
extensive diversity in the means by which this process is 
accomplished, and it is independant of organelles having an 
endosymbiotic origin.
Problems associated with classifying red algae also
4arise from the limitations of the conventional methods of 
systematics. Some of these limitations even include a lack 
of agreement of which criteria should be used to establish 
the "correct" taxonomic scheme (Garbary et al 198 0). The 
original classification of the Rhodophyta was based on 
features of gross morphology, life history and structural 
characteristics that are observable by the light microscope. 
These include the presence or absence of a pyrenoid and 
chloroplast morphology (Gabrielson and Garbary 1986, Garbary 
et al 1980).
Gabrielson and Garbary (1985, 1986) reviewed some of 
the more modern methods of classification of the Rhodophyta, 
and emphasized the need to utilize both ultrastructure and 
biochemistry. The TEM only recently has become recognized 
as a potentially useful instrument for this purpose 
(Pueschel and Cole 1982, Duckett and Peel 1978, Scott et al 
1980, Scott 1984). With the use of the TEM, it is possible 
to observe very fundamental differences in the fine 
structure of those organelles common to nearly all of the 
Rhodophyta. Such features include the presence or absence 
of a peripheral encircling thylakoid in the chloroplast 
(Pueschel and Magne 1987), the morphology of the pit plugs 
when present (Pueschel and Cole 1982), organelle
associations of dictyosomes of the Golgi apparatus (Brawley 
and Wetherbee 1981, Gabrielson and Garbary 1986, Scott 1972, 
and, finally, mitotic characteristics (Davis and Scott 1986, 
Heath 1980, 1980, 1981, 1986, Schornstein and Scott 1982,
5Scott 1983, 1984, 1986, Scott et al_ 1980). Other methods 
believed to be of significant taxonomic value involves 
biochemical analysis, particularly of photosynthetic 
pigments, cell wall components and storage products 
(Gabrielson and Garbary 1986). The advantages and 
limitations of the use of many of these characters as 
phylogenetic markers are discussed by Heath (1986).
It has long been suspected that, within the Rhodophyta, 
the order Porphyridiales is an unnatural assemblage of 
organisms which have been grouped together primarily on the 
basis of gross morphology. All members of this order are 
either unicellular or form simple "pseudofilamentous" 
colonies (Garbary et al 1980) and which do not fit well 
within any other order. Other criteria used to distinguish 
these species from one another include chloroplast color, 
chloroplast morphology and the presence or absence of a 
pyrenoid (Gabrielson and Garbary 1986, Garbary et al 1980, 
Ott 1976, Scott 1986).
Cell division is gaining more attention among the 
criteria that have proven to be useful in determining the 
phylogeny of the Rhodophyta (Heath 198 6). Ultrastuctural 
features of dividing cells have been recognized by 
researchers as a valid tool in determining the phylogeny of 
a number of lower eucaryotes (Broadwater et al 198 6a, 19 8 6b, 
Duckett and Peel 1978, Heath 1980, 1986, Pickett-Heaps 1972, 
1976, 1978, Stewart and Mattox 1975). Regarding nuclear 
division, previous research by Scott (1986) with Flintiella
6sanquinaria and Schornstein and Scott (1982) with 
Porphyridium purpureum, as well as preliminary studies on 
Rhodella reticulata (Scott, unpublished observations) reveal 
considerable heterogeneity within the Porphyridiales. This 
information, in addition to work on the more advanced, 
multicellular genera, Membranoptera (McDonald 1972), 
Polysiphonia (Scott et al. 1980), Dasya (Phillips and Scott 
1981, Broadwater et al 1986a, 1986b), Apoglossum (Dave and 
Godward 1982), Batrachospermun (Scott 1983), and Lomentaria 
(Davis and Scott 1986), has resulted in the identification 
of several trends which can be noted as one progresses along 
the phylogenetic tree, from "less evolved" to "more evolved" 
forms: a. a trend toward the development of a completely
intranuclear spindle involving a broad, fenestrated region 
of nuclear envelope at the division poles? b. when 
present, an increase in both the number of cisternae of 
perinuclear endoplasmic reticulum (PER), as well as the
extent to which PER envelopes the division poles; c. an
increase in the extent of the polar zones of exclusion, 
coinciding with an increase in the number of microtubules
(MTs) located within the exclusion zones; d. an increase 
in the number of MTs attatched to each kinetochore and? e. 
the loss of prometaphase intranuclear channels.
To date, cell division has been studied at the 
ultrastructural level in only nine species of red algae (see 
Table 1). These studies have resulted in the tentative
conclusion that there are at least five different patterns
7of cell division and that these appear to follow a taxonomic 
trend, as based on four ultrastructural features: a. The
nature of the nucleus associated organelle or NAO, b. the 
nature of the division poles at metaphase and anaphase, c. 
the nature of prometaphase events, d. the presence or 
absence of PER, and the extent to which it exists where 
present.
Since most ultrastructural work has been done on the 
members of the more advanced subclass Florideophyceae, it is 
logical to now look more closely at the relatively "simple" 
subclass Bangiophyceae. The unicellular red alga Rhodella 
violacea (Kornman) Wehrmeyer (Wehrmeyer 1971)
(Porphyridiales, Bangiophyceae, Rhodophyta), one of four 
species assigned to the genus Rhodella, is a practical 
organism to study because it occupies a strategic position 
in the Bangiophycidae, located in an order that has long 
given red algal taxonomists trouble due to the order's well 
known polyphyletic nature. Additionally, past studies of 
the members of the genus Rhodella have revealed an 
unexpected and surprising variety in certain ultrastructural 
vegetative features (Evans 1970, Wehrmeyer 1971, Deason et 
al 1982, Billard and Fresnell 1986, Fresnell and Billard 
1987).
Rhodella violacea was first described by Kornman (1965) 
using the light microscope. At that time, this species was 
erroneously classified as Porphyridium violaceum. It was 
not until the ultrastructure of the organism was studied
8(Wehrmeyer 1971) that it was reclassified. This
reclassification was based largely on the species' single,
deeply lobed central chloroplast, which differs from the
lesser branched stellate chloroplast characteristic of the
genus Porlphyridium (Ott 1976). In addition, R^ violacea, 
as it was renamed, was shown by TEM to possess a pyrenoid 
with a morphology characteristic of that of the genus 
Rhodella, i.e., one that is devoid of thylakoids and is
continuous with the chloroplast lobes by relatively narrow 
constrictions (Evans 1970).
My work attempts to accomplish several goals. The 
study of this species will first contribute to the 
information already gathered on the order Porphyridiales. 
Also, by comparing the ultrastructural details of vegetative 
and mitotic cells of violacea to the other members of the 
genus Rhodella, enough evidence could be gathered to enable 
us to make more definite decisions in determining the true 
phylogenetic heritage of the genus Rhodella. It may then 
possibly be determined whether the genus is indeed an 
unnatural assemblage of several unrelated species. This 
work could set the groundwork for future studies of the 
members of the order Porphyridiales in order to support or 
discount the previous conclusions regarding the phylogenetic 
constitution of this order.
9Materials and Methods
Pure cultures of Rhodella violacea were obtained from
the Northeast Pacific Culture Collection at Vancouver, B.C.
(NEPCC # 14) and subsequently deposited at the University of 
Texas Culture Collection of Algae (UTEX LB 2427). My
cultures were maintained in 1000ml of von Stosch enriched
seawater media (vS) (von Stosch 1964) in Corning 4L 
Erlenmeyer flasks. The cultures were kept slowly
oscillating at approximately 100 rpm in an incubator set at 
20 oC with a 14-10 hr. light-dark cycle.
To determine the timing of cell division, cells were 
first studied by fluorescence microscopy using the DNA
fluorochrome 4',6-diamidino-2-phenylindole (DAPI). At
twenty minute intervals, cells were first fixed for one hour 
in 2% glutaraldehyde in 0.1M phosphate buffer at 20o C. The 
cells were then treated with 0.5 ug DAPI and monitored for 
evidence of cell division using an Olympus BH2
photomicroscope equipped with phase contrast optics and 
epi-illumination. The fixations at twenty minute intervals 
were carried out until a relatively large number of cells 
were observed diving, approximately one in twenty.
After the time during which the largest number of 
dividing nuclei were established, cells were collected by 
filtration onto a 0.22um millipore filter and fixed in 1%
10
glutaraldehyde in 0.1 M phosphate buffer at pH 6.6, with the 
osmolarity adjusted by adding sucrose to a final 
concentration of 0.25M. After three twenty-minute buffer 
rinses, the cells were postfixed in 1% osmium tetroxide for 
1 hr, rinsed in buffer solution, dehydrated for 1 hr in 50% 
acetone, and immersed in 70% acetone-2% uranyl acetate 
overnight at 4oC. Cells were infiltrated and embedded in 
EMBED 812 (Electron Microscopy Sciences), sectioned with a 
diamond knife using an MT 2-B ultramicrotome and stained 
using Sato's lead hydroxide (Sato 1967). Sections were 
examined and photographed with a Zeiss EM 109 electron 
microscope.
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Results
From light microscopy, it was determined that the 
largest number of dividing cells was found 190 minutes into 
the light period. Approximately one cell in twenty was in 
some stage of the mitotic cycle.
Interphase
Rhodella violacea is a unicellular red alga averaging 
lOum in size. Figures 1 & 2 show typical interphase cells 
in median section. Each cell is surrounded by a fibrous 
layer of extracellular material varying in thickness 
depending upon culture conditions, such as age of the 
culture. Directly beneath the plasmalemma, underlying the 
entire circumference of the cell is a distinct system of 
interconnected, smooth-surfaced, tubular endoplasmic 
reticulum tubules, referred to as peripheral ER (Figs. 
1-4). At irregular intervals, 18 nm diameter tubules arise 
at right angles from the peripheral ER system and appear to 
fuse with the plasmalemma. A ribosome-free region is 
located between this ER system and the plasmalemma. Rough 
ER (RER) is seen dispersed throughout the cell.
The single, large, highly lobed medial chloroplast 
occupies much of the cell volume. The lobes radiate out 
from the centrally located pyrenoid and rejoin at the cell
12
periphery (Figs. 1, 2, 4-6). The chloroplast lobes contain 
the single, unstacked thylakoids that are characteristic of 
the Rhodophyta. The thylakoids are arranged parallel to 
each other within the double membrane chloroplast envelope. 
A peripheral encircling thylakoid is lacking. Each 
thylakoid is a membrane-enclosed flattened sac which has 
regularly arranged pigment granules, phycobilisomes, along 
the "outer" surface. (Fig 5; Gantt and Conti 1965).
Located at the periphery of the chloroplast lobes are 
aggregations of spherical osmiophilic granules thought to be 
stigmata (Deason et al 1983) (Figs. 3, 4). Large,
irregularly-shaped, thylakoid-free stromal regions which 
stain similarly to, yet somewhat lighter than the pyrenoid 
are found intermittent throughout the chloroplast lobes 
(Fig. 5). Occasionally located within the pyrenoid are 
lightly staining inclusions lacking any membrane boundary 
(Fig. 6). These inclusions stain at approximately the same
density as the stromal regions of the chloroplast lobes.
The pyrenoid is always in close association with the nucleus 
during interphase (Figs. 1, 2, 7-10). Floridean starch
grains are visible around the pyrenoid.
The nucleus occupies a somewhat eccentric position in 
the cell (Figs. 1, 2). It is bounded by a double membrane 
containing typical nuclear pores that are randomly arranged 
about the nuclear envelope. Usually, the nucleus contains 
one nucleolus, but two or three are not uncommon. The
nucleus appears to be pressed against the pyrenoid in some
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sections (Figs. 1, 2, 7-10). Also visible at this time are 
finger-like projections extending from the nucleus into the 
pyrenoid. The membranes of both the nucleus and the 
pyrenoid remain intact, so there is no exchange of material 
between them. This nuclear projection into the pyrenoid 
persists from interphase into early to late anaphase (Figs. 
7-10). What may be heterochromatin is located most often at 
the tip of these projections, ans is also found throughout 
the entire projection (Figs.7-10).
The dictyosomes of the Golgi apparatus are dispersed 
throughout the cytoplasm. There is no obvious region to 
which they are restricted; they can be seen near nuclei 
(Fig. 12), near mitochondria and near the peripheral ER 
(Figs. 11 & 13). However, the cis (forming) region is 
always associated with at least one cisternum of RER, 
regardless of where it is found (Figs. 11-13).
Dictyosome morphology differs somewhat depending on the 
stage of the cell cycle, or, perhaps it is simply related to 
dictyosome activity, such as synthesis of extracellular 
mucilage (Evans 1974). Typically, each dictyosome contains 
between five and eight cisternae. The most common 
morphology is seen in Fig. 12. The apparently
biosynthetically active dictyosomes have cisternae that fuse 
to adjacent cisternae at their midregions. These midregions 
of fused cisternae stain darkly compared to the more 
peripheral, unfused regions. A single cisternum may give 
rise to one or more vesicles at its trans (mature) region
14
(Figs 12 & 13).
Mitochondria are large, highly branched, ribbon-like, 
reticulate structures which vary greatly in diameter, 
depending on the plane of sectioning. Examination of 
numerous adjacent sections shows that a single mitochondrion 
can extend from one end of the cell to the other (Figs. 14 
& 15). This supports the observations made in Rhodella 
reticulata (Broadwater and Scott 198 6) that the numerous 
separate profiles of observed mitochondria actually
represent a single organelle that permeates the cell, and
only the process of sectioning makes it appear as numerous
separate mitochondria (Broadwater & Scott 198 6).
Smooth endoplasmic reticulum (SER) occupies only a few 
localized zones but where present, is very pronounced, 
dispersed throughout the cytoplasm, SER can be found in 
discrete patches, although not associated with any
particular organelle (Fig. 18). Also, more diffuse 
accumulations of SER are located at the polar regions 
outside the nucleus during the entire mitotic process (Figs. 
26 & 27).
The nucleus associated organelle (NAO) in this species 
has been observed numerous times. It is a polar ring (PR) 
(McDonald 1972), which ranges from 29 to 35 nm in diameter 
and approximately 16 nm in height (Figs. 19-21). The PR is 
present throughout interphase and has been observed in 
several mitotic phases. Its function is unclear. PRs are 
surrounded by a small, ribosome-free exclusion zone. The
15
exclusion zone, which can also be referred to as the
microtubule organizing center (MTOC) is a diffuse region 
which is only moderately electron dense, and which therefore 
is difficult to distinguish. It appears that the size of 
both the PR and the MTOC increases as the cycle progresses 
from G1 through the end of mitosis. This increase in size 
of the MTOC coincides, in part, with the migration of the 
PRs toward the division poles. Figs 20 & 21 show skipped
serial sections of two PRs which are lying close to 
eachother, apparently at some time during interphase. At 
this time, no microtubules (MTs) can be seen in the
exclusion zone.
Prophase
Just prior to prophase, the nucleus undergoes an
unusual morphological change in the regions destined to 
become the division poles (Figs. 22 & 23). The polar
regions of the nucleus protrude outward, somewhat resembling 
those of Flintiella (Scott, 1984), yet the nucleus does not 
form a spindle shape, as it does in Flintiella. Instead, 
the midregion remains somewhat spherical as the poles 
protrude. The nucleus returns to a more spherical shape by 
the time prophase begins.
Prophase is recognized by the completion of NAO 
migration to establish the division poles and a change in 
appearance of the NE directly under each NAO (however, see 
discussion for comments concerning "prophase11 in red algae). 
There is an increase in the number of nuclear pores (NPs)
16
and a flattening of the NE in the polar region (Figs. 
22-25). The exclusion zone remains diffuse and indistinct. 
As prophase progresses, MTs appear in the exclusion zones, 
arranged parallel to each other and perpendicular to the 
base of the flattened NE. The chromatin has begun to 
condense at this stage and the nucleoli are still present.
Perinuclear endoplasmic reticulum (PER) is not observed 
at this stage. Late in prophase, and early in prometaphase, 
smooth ER begins to accumulate at the polar regions 
surrounding the MTOC of the NAO. MTs become prominent as 
well during late prophase/early prometaphase.
Prometaphase
The breakdown of the NE at the base of the
invaginations of the NE beneath each pole marks the
beginning of prometaphase (Figs. 26-28). The chromatin 
condenses further and the MTOC region enlarges. More MTs 
accumulate in the MTOC region, and SER continues to
accumulate at the poles. The PRs persist at the poles and
do not appear to undergo any morphological changes.
As prometaphase progresses, the singular polar pocket 
becomes broader and deeper; however, no deeply penetrating 
cytoplasmic channels are formed. Microtubules can be seen 
permeating the pocket, but none were seen penetrating the NE 
(Figs. 29-31). Projections from the pyrenoid are also 
observed extending into these polar regions (Fig. 28). 
These extensions begin to develop early in prometaphase and 
extend deeper into the polar pockets as prometaphase
17
progresses. Eventually, the membrane at the base of the 
pocket fragments, resulting in the creation of a gap(s) in 
the NE and thereby producing a connection leading from the 
cytoplasm to the nucleoplasm. Fragments of the NE appear to 
remain in the region of NE breakdown, partially filling the 
gap. Microtubules can be seen extending from the MTOC 
region into the nucleoplasm between the membrane fragments 
(Figs. 29 & 30).
Late in prometaphase, after the membrane lining the 
base of the nuclear pocket has completely fragmented, the 
membrane that had lined the sides of the pocket folds back, 
doubling over on itself (Fig. 29). Although MTs can be 
seen penetrating the condensing chromatin, kinetochores 
remain indistinguishable (Figs. 29 & 3 0). PER begins to
appear late in prometaphase, and the SER associated with the 
MTOC region becomes more pronounced (Figs. 29-31).
Metaphase
By metaphase, the nucleus has migrated from its 
relatively slightly eccentric position toward the periphery 
of the cell. The chromosomes line up on what appears to be 
a typical metaphase plate, however, I cannot confirm that it 
is a plate rather than a ring, as was postulated by Coomans 
for two species in the Bangiophycidae (Coomans 198 6). The 
midregion of the nucleus becomes somewhat broader, possibly 
to accomodate the metaphase chromosomes, and the 
pole-to-pole length of the nucleus decreases so that the 
midregion is broader than the pole-to-pole distance (Figs.
18
3 2 & 34). What appears to be nuceolar material can
sometimes be seen at the sides of the nucleus (Fig. 32). 
The NE remains intact, except at the poles, where the 
memebrane-filled gap formed at prometaphase remains. The 
pockets do not remain, they have stretched out to create the 
flat, broader division poles. Located in these polar 
regions are numerous microtubules, which appear to arise 
from the membrane fragments that fill the polar gaps. The 
pyrenoid extensions remain in the polar regions, but do not 
continue to extend any deeper into the polar gaps (Figs. 3 3 
& 34) .
Two types of MT arrangements can be distinguished; 
those that lead to the kinetochores of the chromosomes, 
which can be identified at this stage (kinetochore MTs, or 
kMTs), and those that don't lead to the kinetochores, and 
which just end somewhere at the midregion of the nucleus 
(the non-kinetochore MTs, or nkMTs) (Fig. 32). Although 
the kinetochores are distinguishable at this time, their 
structure is indistinct. They lack the tripartite structure 
typical of many eucaryotic kinetochores. Two to three MTs 
can be seen attatched to each kinetochore.
Although the polar gaps in the NE are relatively broad, 
there is still some focus of the kMT's toward the MTOC 
material containing the PR which is located at the 
cytoplasm-nucleoplasm interface (Figs. 32 & 33). There is 
no indication, however, that there is any focus of the 
nkMT's toward the PR. None of the spindle MT's extend
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beyond the polar regions of the nucleus into the cytoplasm 
(Figs. 32 & 33).
One to two cisternae of PER partially surround the 
nucleus at this point, but, the PER does not extend to the 
polar region. The PER surrounds the areas of the nucleus 
that are not abutting the pyrenoid. The close association 
of the nucleus and the pyrenoid appears to leave no space 
for the PER (Figs. 32 & 33). The pyrenoid remains closely 
associated with the nucleus with portions continuing to 
project into the poles of the nucleus.
Anaphase
Anaphase consists of the two characteristic movements, 
anaphase A, the migration of the chromosomes toward the 
division poles, and anaphase B, the further separation of 
the division poles from each other. Although only five 
anaphase nuclei were observed, anaphase appears to be a 
variable and very brief stage in R.violacea, since very few 
anaphase nuclei were observed. Vacuoles often begin to 
invade the central spindle before the chromosomes reach the 
opposite poles.
Throughout anaphase, individual chromosomes can be 
identified and the kinetochores remain distinguishable 
(Figs. 35 & 36). Vacuoles persist in the interzonal
region, and apparently enlarge and/or increase in number 
until late anaphase. Occasionally, a number of vacuoles 
invade the nucleus at the poles. However, these vacuoles 
may be an artifact of the fixation procedure (Fig. 36).
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PER is still present, with one to two cisternae 
enveloping portions of the nucleus. It is at this stage 
where it is first seen surrounding the poles as well. The 
pyrenoid remains in close contact with the nucleus. It has 
begun to pull away from the poles, though it remains closely 
associated with the interzone (Figs. 3 5 & 36). The nuclear 
projection into the pyrenoid is persistent even through this 
phase of division (Fig. 36).
Telophase
Although only four telophase nuclei were observed, 
telophase appears to begin after the poles have stopped 
moving apart. The interzone begins to degenerate within the 
dividing nucleus very early. The typical decondensation of 
chromatin is observed at this phase, giving the chromatin a 
more granular appearance (Fig. 37). Kinetochores and 
individual chromosomes can no longer be identified. MTs 
persist in the remainder of the interzone and PER can still 
be seen. The pyrenoid has retracted a bit further from the 
poles of each nucleus, but remains closely appressed to it 
laterally. Although PRs were not observed in anaphase and 
telophase, they are believed to be present at these stages 
because several were observed later, during cytokinesis. 
There are no obvious cleavage furrows along the periphery of 
the cell at this time.
Cytokinesis
Cytokinesis begins directly after karyokinesis is 
completed. The two daughter nuclei begin their migration to
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the opposite sides of the cell before cleavage furrows 
become obvious. There is a change in the appearance in the 
peripheral ER region of the cell where the cleavage furrows 
begin to develop. The ER tubules vanish from the area and a 
fibrous material appears, which results in making the area 
appear thicker and more dense than the periferal region not 
associated with the cleavage furrows (Fig. 40).
Ribosome-free zones of exclusions are now very extensive. 
Many microtubules are visible extending from the zone to the 
migrating nuclei (Figs. 38, 39, 41). This exclusion zone 
can extend from the plasmalemma to the migrating nuclei. A 
polar ring is situated within this exclusion zone. It is 
now separated into its two component parts, a proximal ring 
closer to the nucleus, and a distal ring.
During cytokinesis the daughter nuclei begin to become 
somewhat tapered. The side of each daughter nucleus, where 
the PRs are located, become elongated into a spindle shape 
(Figs. 38, 39, 41). The MTs extending from the exclusion
zones and partially encompass these tapered regions of the 
nuclei. Additionally, in the same area of the cleaving 
cell, the pyrenoid becomes tapered, taking on the same shape 
as the migrating nuclei (Figs. 3 9 & 40). Each daughter
nucleus migrates to the periphery of the newly forming cell 
to the region where the exclusion zone is located. The two 
daughter nuclei do not always migrate at the same rate. One 
nucleus may reach its final destination before the other one 
has barely begun its migration.
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Figure 40 shows the position the pyrenoid takes during 
cytokinesis. It stretches across the cleavage furrow next 
to the seperating nuclei. It remains there after 
karyokinesis is complete and will probably stay there until 
the cleavage furrow divides it into separate cells.
Figures 41 and 42 are composite drawings of a "typical" 
interphase cell and a "typical" metaphase cell, 
respectively.
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Discussion
The ultrastructure of Porphyridium violaceum 
(Kornman) was previously studied (Wehrmeyer 1971,
Wehrmeyer and Schneider 1975, Fresnell and Billard 1987, 
Scott et al 1987). It was renamed Rhodella violacea on 
the basis of the morphology of its chloroplast and 
pyrenoid. These structures more closely resemble the 
chloroplast and pyrenoid of Rhodella maculata (Evans 1970,
Evans et aJL 1974, Callow and Evans 1979, Fresnell and
Billard 1987) than those of any species of Porphyridium
(Gantt and Conti 1965, 1966, Gantt et al 1968, Gantt and 
Lipschultz 1972, Schornstein and Scott 1982). Like R. 
maculata, the lobes of its medial plastid connect to the 
central pyrenoid by narrow constrictions. Furthermore, as 
in R_^  maculata, the pyrenoid of R_^  violacea is devoid of 
thylakoids. Conversely, the plastids of Porphyridium are 
stellate and are not connected to the pyrenoid by
isthmuses. The pyrenoid is a centrally located component
of the plastid. Finally, the pyrenoid of Porphyridium is 
traversed by thylakoids.
Only ten species of unicellular red algae have been 
studied at the ultrastructural level. These include 
Rhodella violacea (Wehrmeyer 1971, Wehrmeyer and Schneider 
1975, Fresnell and Billard 1987, Scott et al 1987),
Cyanidium caldarium (Mercer et al 1962, Toyama 1980, Ueda
24
and Yokuchi 1981, Ford 1984, Ueda and Chida 1987), 
Flintiella sanquinaria (Scott 1986), Glaucosphaera 
vacuolata (Richardson and Brown 1970, McCracken et al 
1980), Porphyridium aerugineum (Gantt et al 1968), 
Porphyridium purpureum (Gantt and Conti 1965, 1966, Gantt 
and Lipschultz 1972, Bronchart and Demoulin 1977, 
Schornstein and Scott 1980, Schornstein and Scott 1982) , 
Rhodella cyanea (Billard and Fresnell 1986, Fresnell and 
Billard 1987), Rhodella maculata (Evans 1970, Evans et ad- 
1974, Callow and Evans 1979, Fresnell and Billard 1987), 
Rhodella reticulata (Deason et al 1983, Broadwater and 
Scott 1986, Fresnell and Billard 1987) and Rhodosorus 
marinus (Giraud 1962, 1963, Ford 1984). Although
ultrastructural details clearly distinguish these 
unicellular members of the order Porhyridiales from one 
another, they all look very similar through the light 
microscope. They are small, spherical cells which can be 
distinguished mainly on the basis of chloroplast color, 
chloroplast morphology and the presence or absence of a 
pyrenoid (Ott 197 6, Garbary et al 198 0, Fresnell and 
Billard 1987). Because of their similar appearance and 
the common assumption that unicellularity is the common 
unifying ancestral characteristic, these unicells have 
been grouped together in one order without careful 
analysis of other possible relationships (discussed in 
Gabrielson and Garbary 1986, Garbary et al 1980).
Table 2 outlines some of the vegetative
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ultrastructural details of the Rhodophyta thought to be 
phylogenetically useful. The use of thylakoid arrangement 
as phylogenetic markers has been discussed (Hara and 
Chihara 1974, Pueschel and Magne 1987), as has organelle 
associations with the dictyosomes of the Golgi (Brawley 
and Wetherbee 1981, Gabrielson and Garbary 1986, Scott 
1972, 1983, 1984). In regard to Heath's guidelines for 
choosing appropriate phylogenetic markers (1986), the 
peripheral encircling thylakoid and organelle associations 
of the Golgi are potentially useful as phylogenetic 
markers. However, chloroplast morphology is not an ideal 
character. Chloroplasts and Golgi are universal in the 
Rhodophyta, but chloroplasts may have had an endosymbiotic 
origin. Additionally, the range of alternatives for the 
limiting thylakoid characteristic is limited to two 
options. There are only two possibilities, its presence 
or absence. Convergence upon these options is therefore 
likely (Heath 1986).
It is evident from Table 2 that the members of the 
Subclass Florideophyceae all contain a
mitochondria-dictyosome association and they all contain a 
peripheral encircling thylakoid in the chloroplast 
(Pueschel and Magne 1987). The case is different in the 
Bangiophyceae. Members of the Compsopogonales, 
Erythropeltidales and the Rhodochaetales all have a 
peripheral encircling thylakoid. However, the encircling 
thylakoid is present only in the sporophyte stage of the
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Bangiales and is absent in other stages. The condition 
among the two families of the Porphyridiales is even more 
difficult to understand with regard to this feature. Only 
three species of the family Phragmonemataceae have been 
studied ultrastructurally. Two of these species, C. 
caldarium (Mercer et aJL 1962, Toyama 1980, Ueda and 
Yokuchi 1981, Ford 1984, Ueda and Chida 1987) and G.
vacuolata possess the peripheral thylakoid. The third 
member, sanguinaria (Scott 1986) lacks it. Additional
members of the family Porphyridiaceae have been studied, 
and the same heterogeneity has been found. Within the 
family, those which contain the encircling thylakoid 
include R^ reticulata (Deason et al 1983, Fresnell and 
Billard 1987), cyanea (Billard and Fresnell 1986,
Fresnell and Billard 1987), and Rhodosorus marinus (Giraud
1962, 1963, Ford 1984). Those lacking the peripheral
thylakoid include P^ purpureum (Gantt and Conti 1965, 
Schornstein and Scott 1982), P^ _ aerugineum (Gantt et al
1968), R^ maculata (Evans 1970, Fresnell and Billard 1987) 
and R^ violacea (Wehrmeyer 1971, Wehrmeyer and Schneider 
1975). The variability within each family is
considerable. Even more interesting is that within a 
single genus, Rhodella, there is variety. Since the 
encircling thylakoid is seen in a diversity of red algae, 
including one of the most "primitive" species, Cyanidium 
caldarium to one of the most "advanced" genera of the 
Rhodophyta, Polysiphonia, it seems that the absence of a
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peripheral thylakoid is a specialization, where the
presence of a limiting thylakoid is the ancestral 
condition (Pueschel and Magne 1987).
Three of the five orders of the Bangiophyceae, the 
Compsopogonales, Erythropeltidales and the Rhodochaetales, 
consistently lack any organelle association with their
Golgi other than the "normal” RER at the cis region (Scott 
1984, Gabrielson and Garbary 1986, Pueschel 1987). The 
Bangiales all have a mitochondrion associated with the 
dictyosomes, and the Porphyridiales show no uniformity of 
organelle association among its members, all three known 
arrangements are represented within this order. A 
mitochondrion-dictyosome association exists in P.
purpureum (Schornstein and Scott 1982, Gantt and Conti 
1965) and sanguinaria (Scott 1986) and a nuclear
envelope-dictyosome association is present in R.
reticulata (Deason et al 1983), R^ _ cyanea (Billard and
Fresnell 1986, Fresnell and Billard 1987) and G^ vacuolata 
(Richardson and Brown 1970, McCracken et al 1980). 
Finally, there is no organelle other than RER associated 
with dictyosomes in R_^  maculata (Evans 1971, Evans et a2. 
1974) and in R_^  violacea (Wehrmeyer 1971) . The
heterogeneity which exists in this order with regard to 
these ultrastructural features alone suggests that the 
Porphyridiales is not a natural taxon (Garbary et aJL 1980, 
Gabrielson and Garbary 1986, Scott 1986).
One of the most striking features of R^ violacea is
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the very close association of the nucleus with the
pyrenoid. This association exists in some form at all
stages in the cell cycle. During interphase, this 
association is manifested as a nuclear projection into the 
pyrenoid. Rhodella maculata also bears a nuclear
protrusion into the pyrenoid (Evans 1971, Evans et al 
1974, Callow and Evans 1979, Fresnell and Billard 1987). 
Previous ultrastructural studies of violacea (Wehrmeyer 
1971, Wehrmeyer and Schneider 1975, Fresnell and Billard 
1987) have not noted this association. It is odd that
this feature was overlooked in this organism since it is 
so prominent in the present ultrastructural study. This 
association has not been observed in any other algal 
species. The function of this association is unclear, 
however.
The highly lobed medial chloroplast in R^ violacea is 
distinctly different from the stellate chloroplast found 
in Porphyridium, which encompasses a central pyrenoid 
(Gantt and Conti 1965, Gantt et al 1968, Schornstein and 
Scott 1982). The pyrenoid of R_^  violacea also differs 
from that of Porphyridium in that there are no thylakoids 
extending into it from the chloroplast. Within the genus 
Rhodella, there are various similarities and differences 
among overall chloroplast and pyrenoid morphologies. The 
pyrenoid and chloroplast of R_^  maculata are very similar 
to that of R^ violacea (Evans 1970, Wehrmeyer 1971, 
Wehrmeyer and Schneider 1975). The peripheral regions of
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the plastid of R_^  maculata also branch from a central 
thylakoid-free pyrenoid. This feature is also found in R. 
reticulata (Deason et al 1983, Broadwater and Scott 1986), 
the only difference between it and those of R^ _ violacea 
(Wehrmeyer 1971, Wehrmeyer and Schneider 1975, Fresnell 
and Billard 1987) and R^ maculata (Evans 1970, Evans et al 
1974, Callow and Evans 1979, Fresnell and Billard 1987) is 
that the pyrenoid is traversed with thylakoids just as in 
Porphyridium (Gantt and Conti 19 65, Gantt et al 19 68, 
Schornstein and Scott 1982). The plastid of R_^  cyanea is 
very different from what is seen in the other three 
Rhodella species (Billard and Fresnell 1986, Fresnell and 
Billard 1987). The plastid lobes surround the periphery 
of the cell, completely encompassing the central nucleus. 
There is no well defined pyrenoid from which these lobes 
extend; they appear to be an interconnected reticulum of 
plastid lobes. This arrangement has been observed in G. 
vacuolata (Richardson and Brown 1970, McCracken et al 
1980) and to some extent, in F_*_ sanguinaria (Ott 1976, 
Scott 1986). However, the plastid of F\_ sanguinaria is 
different since the lobes of the plastid originate from a 
central truss, and do not form a peripheral reticulum. A 
similarity which does exist between F^ sanguinaria and R. 
violacea is the presence of enlarged stromal regions 
within the lobes of the chloroplast. It has been 
suggested that these regions act as pyrenoids in 
Flintiella (Scott 1986).
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The presence of darkly staining "osmiophilic 
granules" in the chloroplast has been reported in a number 
of unicellular red algae (Evans 1970, Richardson and Brown 
1970, Wehrmeyer 1971, Wehrmeyer and Schneider 1975, 
McCracken et al 1980, Deason et al 1983). In many cases 
they are localized in the periphery of the plastid lobes, 
leaving some to believe that they function as "eyespots". 
These granules have also been found in sanguinaria 
(Scott 1986), but they are not localized to any region. 
Although they have not been reported in purpureum
(Gantt and Conti 1965) Schornstein and Scott 1982), it 
appears that these osmiophilic granules are seen in the 
chloroplast around the pyrenoid (see Schornstein and Scott 
1982, Figure 1). Since they are not found in the 
periphery of the chloroplast, the question of whether they 
actually function as eyespots remains (see Deason et a^ 
1983 for a discussion of the possile functions of these 
granules).
The system of ER tubules in the periphery of the cell 
which arises from a peripheral network of SER and connects 
to the plasmalemma have been observed in all the unicells 
studied to date, possibly excluding Cyanidium caldarium. 
Fixations of C^ caldarium have been inadequate to reliably 
distinguish this feature (Mercer et al 1962, Toyama 1980, 
Ueda and Yokuchi 1981, Ford 1984, Ueda and Chida 1987). 
This system of peripheral tubules has not been identified 
in any of the multicellular red algae. The function of
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this network is not well understood, but it is probable 
that it is involved in the production of the conspicuous 
mucilaginous coats of all the unicellular forms studied to 
date.
Although it has been suggested that cisternal fusion 
of the dictyosomes of the Golgi apparatus does not occur 
in the members of the Bangiophyceae (Duckett and Peel 
1978), this study clearly demonstrates that it does occur 
in at least one member of the subclass. The cisternal 
fusion of the dictyosomes that were observed in R. 
violacea have also been reported in the multicellular red 
alga Polysiphnia denudata (Alley and Scott 1977). In 
Polysiphonia, this "unusual" dictyosome morphology is 
characteristic of cells undergoing tetrasporogenesis. 
Within these dictyosomes mucopolysaccharides or 
glycoproteins are produced which are later exocytosed to 
function in spore protection or adhesion. In R^ _ violacea, 
this cisternal fusion may be associated with the Golgi 
actively producing the extracellular fibrillar material, 
which will subsequently be discharged to the cell exterior 
presumably by exocytosis.
The appearance of the mitochondrion in violacea
appears similar if not identical to the model presented 
for R_^  reticulata (Broadwater and Scott 1986). It appears 
to be a single, interconnected reticulum of many parts 
which can fuse and break apart repeatedly. Occasionally, 
however, the mitochondrion of R^ _ violacea takes on an
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unusual morphology, where parts are drawn out into thin, 
threadlike strands with bulging, distended regions
branching from them at irregular intervals. This
condition is probably abnormal without taxonomic 
implications.
Figure 42 is a summary diagram revealing the salient 
cytological features of R_^  violacea during interphase, 
including the nucleus/pyrenoid association, the
arrangement of the peripheral ER tubules, chloroplast and 
thylakoid arrangement and the organelle association of the 
dictyosomes.
The NAO of R^ _ violacea is a small, bipartite annular 
structure composed of two closely appressed rings
approximately 29-35 urn in diameter. The morphology of the 
NAO is similar to that first reported by McDonald (1972) 
where he described it as a polar ring (PR). Subsequent 
ultrastructural mitotic studies reveal that the majority 
of the Rhodophta studied also have an NAO with this
bipartite ring structure (as described in detail by Scott 
et al 1980, 1981; also seen in McDonald 1972, Phillips
and Scott 1981, Dave and Godward 1982, Davis and Scott 
1986, Scott 1986). The only two species studied whose NAO 
was not of this type are Pj_ purpureum (Schornstein and 
Scott 1980, 1982) and ectocarpum (Scott 1983). The NAO 
of P_^  purpureum is also a bipartite structure composed of 
a large proximal granule located next to the NE and a 
smaller, distal granule rests upon the proximal granule.
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The NAO of Batrachospermum is composed of two parts as 
well. It is composed of two ringlike structures of 
different sizes, arranged such that the smaller ring sits 
inside of the larger ring.
Table 1 shows the nine species of red algae in which 
ultrastructural details of cell division were studied 
prior to this investigation. Recently five patterns of 
cell division have been characterized (Scott, unpublished) 
based on mitotic ultrastructural details thought to be of 
taxonomic importance (Heath 1980, Scott 1983; included in 
Table 4): The 1 Porphyridium" type (Bronchart and Demoulin
1977, Schornstein and Scott 1980, 1982), the
"Batrachospermum11 type, (Scott 1983), the "Flintiella" 
type (Scott 198 6), the "Lomentaria" type (Davis and Scott 
1986) and the "Polysiphonia" type (as described in 
McDonald 1972, Scott et al 1980, Phillips and Scott 1981, 
Dave and Godward 1982). While features of mitosis are 
somewhat conservative in the order Ceramiales, (which 
characterize the "Polysiphonia” type), the two members of 
the order Porphyridiales that have been studied have very 
different mitotic features (Schornstein and Scott 1980, 
1982, Scott 1986). This study of R_^  violacea in addition 
to some preliminary studies of R_^  reticulata (Scott 
unpublished observations) demonstrate even more 
heterogeneity not only within the order, but also within 
the genus Rhodella.
The pre-prophase polar NE elongations seen in R^
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violacea have been observed in only one other red alga, F. 
sanguinaria (Scott 1986). The polar elongations observed 
in Flintiella were more extensive than those in R. 
violacea. These elongations lacked the accumulation of 
NPs at this region that is present in violacea.
Pre-prophase in sanguinaria is also accompanied by a
dramatic migration of the nucleus to the periphery of the 
cell. This migration did occur in R_^  violacea, but the 
nucleus did not .migrate as far to the periphery. In both 
cases, these extensions apeared to be only temporary, 
regressing back to a flattening of the NE directly beneath 
each PR. The flattening of the NE at the poles marks the 
beginning of prophase.
Defining prophase and the ultrastructural events 
associated with it poses a problem among the Rhodophyta. 
Previous papers dealing with red algal mitosis (McDonald 
1972, Bronchart and Demoulin 1977, Schornstein and Scott 
1980, 1982, Scott et al 1980, Phillips and Scott 1981, 
Dave and Godward 1982, Scott 1983, Scott 1986) have 
erroneously referred to the time of PR migration as early 
to mid-prophase, just as it is defined in other eucaryotic 
organisms. The classical definition for prophase in the 
higher eucaryotes conforms to a pattern in which chromatin 
condensation, migration of NAOs to mark the division 
poles, dispersal of the nucleolus and development of the 
mitotic spindle all occur simultaneously. As a result, 
the spindle is well developed once the NAOs have completed
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their migration. This is not the case in the Rhodophyta. 
The NAOs migrate, establishing the division poles, well in 
advance of the development of the intranuclear spindle. 
The intranuclear spindle begins to develop long after NAO 
migration is completed. Prophase in red algae must 
therefore be considered as atypical when compared to the 
prophase observed in other organisms. The difference 
being that some of the events characteristic of the 
classical definition of prophase occur at separate times 
in the Rhodophyta. This necessitates a development of a 
new definition for prophase among the Rhodophyta. I feel 
that the onset of prophase is marked by changes in the 
appearance of the polar MTOCs, changes in the appearance 
of chromatin, the first signs of intranuclear spindle MT 
development and dispersal of the nucleolus. The migration 
of NAOs should not be considered a part of prophase 
because there is no obvious nuclear activity associated 
with it which resembles the nuclear activities in the 
classical prophase model. In fact, quantitative studies 
of chromatin using the fluorochrome
4'-6—diamidino—2-phenylindole (DAPI) in Lynda Goff's 
laboratory (Goff and Coleman 1984, and personal 
communication), have demonstrated that in a number of red 
algae, once nuclear division and cytokinesis have 
occurred, the daughter cells immediately enter Gl. Gl 
appears to last for a brief period, as is found in some 
lower eucaryotes. The cell then briefly enters an S
36
period, after which it will remain in G2 until it divides 
again. The Rhodophyta could then be considered to be "G2 
organisms", meaning that the the majority of the cell 
cycle is spent in G2, with a very reduced Gl period. 
Therefore, most of the cells observed in interphase have 
already replicated their DNA and NAO migration has 
occurred well in advance of classical "prophase".
The importance of prometaphase events as phylogenetic 
markers is receiving more attention because it is during 
prometaphase that both the creation of the metaphase 
division poles and the origin of intranuclear spindle MT 
development can be seen (Scott unpublished observations). 
Stewart and Maddox (198 0) discuss in detail the advantages 
of using spindle development as a taxonomic marker. They 
define two types of mitotic spindle, Type I and Type II. 
Nuclear division in the Rhodophyta fits the Type II 
definition: spindle MTs occur in the nucleoplasm during
some or all of the stages of mitosis, as opposed to 
located exterior to the nucleoplasm, which is seen in the 
diatoms. This spindle type is divided into two subtypes: 
Subtype Ila, one in which the spindle develops outside of 
the NE and subsequently penetrates the nucleoplasm and; 
Subtype lib, one in which the spindle develops completely 
within the nucleus and the NE remains intact. 
Developmental evidence suggests that the Type II is more 
highly evolved than the Type I (Stewart and Maddox 197 6). 
It would follow that the Type lib is considered more
37
advanced than the Type Ila. Analysis of the mitotic 
patterns of the Rhodophyta shows that this is probably the 
case. purpureum (Schornstein and Scott 1980), B.
ectocarpum (Scott 1983), and sanguinaria (Scott 1986) 
all have prometaphase patterns which clearly demonstrate 
that each of these species have spindles which develop 
exteriorly to the NE and which subsequently invade the 
nucleoplasm (Type Ila).
The late prophase/early prometaphase features of R. 
violacea are unlike those of any other red alga studied. 
Although the presence of a singular NE "pocket" or 
invagination occurs at each pole in purpureum
(Schornstein and Scott 1980, 1982), the invaginations are 
deeper and never had MTs penetrating them. The pockets 
rupture leaving a narrow gap at each pole of the nucleus. 
By the end of prometaphase, MTs have developed from the 
MTOC material which "plugs" the gaps at the poles. Other 
distinctions between R^ violacea and P^ _ purpureum involve 
the appearance of the MTOC material and the accumulation 
of microbodies at the division poles. The MTOC of P. 
purpureum is more electron dense and compact than that of 
R. violacea. R. violacea also lacks any microbody 
accumulation at its division poles at any time during cell 
division.
Preliminary studies of R_^  reticulata (Scott, 
unpublished observations) reveal a prometaphase pattern 
similar to that of P^ purpureum, but with some
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modifications. A single MT-filled cytoplasmic channel 
invades the nucleus directly beneath the relatively small 
PR. It appears that the MTs develop from the dense MTOC 
material which surrounds the PR. Late in prometaphase, 
this MTOC material condenses even further, forming a band 
of MTOC from whch the MTs of the spindle extend. It is 
not certain whether the MTs located inside the cytoplasmic 
channel are the same MTs seen in the mitotic spindle, but 
it looks as if they do comprise part of it.
Rhodella violacea possesses a prometaphase pattern 
which best conforms to the Type Ila pattern. In fact, the 
development of the spindle in R_^  violacea is most simiar 
to the patterns of prometaphase demonstrated by Flintiella 
(Scott 1986) and Batrachospermun (Scott 1983, Scott, 
unpublished observations). The difference that exists 
between them are that sanguinaria and ectocarpum
form two MT-filled channels at each polar region while R. 
violacea forms only one short MT-filled pocket. The 
membrane lining the pocket will break apart before any 
channel is formed. The end result is the same, however. 
Both result in a metaphase spindle which is composed of 
MTs that originated from the MTOC at the exterior of the 
NE, which subsequently invade the nucleoplasm. Although 
the separation of the PR into its component proximal and 
distal parts has not been observed before cytokinesis 
occurs, it is assumed that it occurs at this time as it 
does in the other red algae in which it has been observed.
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The prometaphase patterns of the members of the 
Ceramiales (McDonald 1972, Scott et ad 1980, Phillips and 
Scott 1981, Dave and Godward 1982) indicate that they 
could be classified as of the Type lib pattern, but the 
distinction is not clear. For the members of this order 
which have been studied, the NE remains completely intact 
except for the membrane fenestrations at the poles. The 
spindle MTs appear to develop from material which could be 
of either intranuclear or extranuclear origin. In the 
Ceramiales, it appears that the MTs develop from the MTOC 
material that is located at the poles. Some of this MTOC 
material extends between the fragments of fenestrated 
membrane into the nucleoplasm (McDonald 1972, Scott et al 
1980, Phillips and Scott 1981, Dave and Godward 1982). It 
is believed that MTs develop from the MTOC material that 
has invaded the nucleoplasm side of the NE fragments, 
resulting in a spindle of intranuclear origin. This model 
is supported by the observation of spindle MTs extending 
from fragments of the NE, indicating that the NE fragments 
act as an anchor from which the MTs grow. The MTOC 
material apparently provides precursors which provide for 
the polymerization of the MTs.
A pattern of prometaphase which falls intermediate 
between the Batrachospermum/Flintiella type and the 
Polysiphonia type would be that found in Lomentaria (Davis 
and Scott 198 6). The initial stages of prometaphase in 
Lomentaria are similar to the preliminary stages of
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prometaphase in Batrachospermum/Flintiella, but in 
Lomentaria, two shallow pockets formed in the NE on either 
side of the PR break apart before any channels develop. 
There are no MTs located in the pockets. The manner in 
which the pockets break is different than that seen in B. 
ectocarpum and F^ sanguinaria, and even in Porphyridium 
(Schornstein and Scott 1980, 1982). It appears that the 
polar nuclear pores break apart, leaving fenestrated 
membrane at the poles similar to that seen in the 
Ceramiales. The NE existing between the two pockets 
remains intact. Later in prometaphase, MTs extend from 
this middle piece of NE as well as from the fragments of 
NE which remain.
Coincident with the onset of prometaphase in R. 
violacea is the development of two membrane systems which 
are consistently associated with dividing cells. The 
first is the limited accumulation of smooth ER (SER) 
tubules at each of the division poles. This SER system is 
distinct from the dense patches of SER seen in various 
places in the cytoplasm during interphase. It is also 
probably different from the dense patches of SER seen in 
close association with the NE of R^ reticulata during 
interphase (Deason et al 1983). The cisternae of SER at 
the division poles of R^ violacea are diffuse aggregations 
in the region of the MTOC. The MTOC, then, contains the 
ribosome-free exclusion zone, the PR, MTs and SER tubules. 
Smooth ER has also been observed at the division poles in
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L. baileyana (Davis and Scott 1986), but to a lesser 
degree. The SER in Lomentaria is restricted to a single 
cisternum penetrating the center of each prometaphase PR.
The second system of membrane which develops during 
prometaphase in R_^  violacea is the system of perinuclear 
RER (PER). The PER surrounds the nucleus except in 
regions where the NE is closely associated with the
pyrenoid or other parts of the plastid. Perinuclear ER 
has been observed in varying degrees in all of the
Rhodophyta except P_^  purpureum (Schornsteinand Scott 1980, 
1982), sanguinaria (Scott 1986) and possibly R.
reticulata (Scott unpublished observations). The amount 
of PER found in each species appears to be directly
proportional to the taxonomic level in which the species 
is found. For instance, P^ purpureum and F\_ sanguinaria 
have no PER at any stage in the cell cycle, whereas B. 
ectocarpum has one or two cisternae of PER which do not 
completely encase the metaphase-anaphase nucleus. 
Lomentaria baileyana has two or three cisternae of PER, 
but these do not encase the polar regions. Polysiphonia 
and the other members of the Ceriamiales have two to three 
cisternae of PER which do completely encase the nucleus. 
This study reveals that R_^  violacea contains one to two 
cisternae of PER similar to the arrangements seen in 
Batrachospermum.
The metaphase arrangement of R^ violacea closely 
resembles that of Flintiella (Scott 198 6). These two
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genera share several of the features thought to be of 
taxonomic value. The polar regions of both contain a 
diffuse layer of MTOC material overlying the polar gaps in 
the nuclear envelope. These gaps are "plugged" with small 
amounts of membrane. These membrane fragments are absent 
in ectocarpum, which has a narrow polar gap within
which the relatively dense MTOC and PR rest. 
Batrachospermun (Scott 1983), Flintiella (Scott 1986) and 
Rhodella violacea all appear to have more than one MT per 
kinetochore, though it seems that the members of the order 
Ceramiales may have more MTs connected to each kinetochore 
(McDonald 1972, Scott et al 1980, Phillips and Scott 1981, 
Dave and Godward 1982). The kinetochore MTs in R. 
violacea. F. sanguinaria and B^ ectocarpum converge to a 
gentle focus upon the MTOC material at the division poles, 
whereas in the Ceramialean species there is no focus of 
MTs upon the NAO. Like Batrachospermum, but unlike 
Flintiella, the nonkinetochore MTs of R_^  violacea do not 
show any focal convergence upon the MTOC material. The 
structure of the kinetochores in B^ ectocarpum, F. 
sanguinaria and R^ violacea are indistinct, but the 
kinetochores are recognizable.
Work on Porphyridium (Bronchart and Demoulin 1977, 
Schornstein and Scott 1980, 1982) and preliminary studies 
of R^ reticulata (Scott et al 1987, and unpublished 
observations), show very different metaphase patterns. 
For example, metaphase in P_^  purpureum has very narrow
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division poles deeply within which sits the unusual NAO. 
A dense MTOC region surrounds this NAO. The polar gaps in 
Porphyridium have no membrane fragments resting within 
them and there is no evidence of any PER being present at 
any point. MTs extend from the indistinct kinetochores to 
the NAO/MTOC region, converging in a sharp focus upon the
MTOC. There is also only one MT per kinetochore.
Preliminary studies of R^ _ reticulata reveal greater 
diversity in metaphase arrangements (Scott et al 1987, and 
Scott, unpublished observations). The size of the polar 
gaps is intermediate between the polar gap size of P. 
purpureum and R_^  violacea. Furthermore, the MTOC material 
in R_^  reticulata takes on a much different form from the 
MTOC material found in the other members of the
Porphyridiales, or even in the rest of the Rhodophyta. 
The MTOC condenses into a very dense ball prior to
prometaphase and changes later to a thin layer of material 
which becomes situated at the nucleoplam/cytoplasm 
interface, "plugging" the polar gap in the NE and 
apparently acting as a MT attatchment site. More 
observations of this organism need to be made before any 
speculations can be made.
With the exception of B_^  ectocarpum, all of the red 
algae in which mitosis has been studied have a membranous 
or membrane-bound organelle closely associated with the 
division poles. All the members of the order Ceramiales 
have PER surrounding their division poles (McDonald 1972,
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Scott et al 1980, Phillips and Scott 1981, Dave and
Godward 1982). Both Flintiella (Scott 1986) and 
Lomentaria (Davis and Scott 198 6) contain mitochondrial
profiles at their division poles. Porphyridium
(Schornstein and Scott 1980, 1982) has aggregates of
microbodies in the region of the division poles. Two 
organelles are found in association with the division 
poles of R^ violacea; the diffuse aggregations of SER 
discussed earlier, and the portion of the pyrenoid which 
deeply pushes into the MTOC material at the division 
poles. This unusual pyrenoid behavior is first observed 
at metaphase and lasts through anaphase. The nuclear 
projection into the pyrenoid also persists through 
anaphase. No explanation for this behavior can be offered 
at this time. (See Figure 43, a composite diagram which 
summarizes the important features of metaphase in R. 
violacea).
Although the functions of all of these polar 
associated membranous structures are not completely 
understood, some hypotheses exist which explain the 
possible roles of a few of these structures. Many 
multinucleate plant and animal cells retain a completely 
intact NE during mitosis. This retention of the NE may 
function to prevent intermingling of the spindles and 
nucleoplasm of the different nuclei during cell division. 
It may also serve to isolate nuclear division related
activities from cytoplasmic, growth-related activities
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(Heath 1980, Phillips and Scott 1981). The majority of 
the Rhodophyta are multinucleate, however, there are many 
uninucleate forms as well. None of the members of the 
Rhodophyta studied have a completely intact NE during 
mitosis; there are always either gaps or fenestrations in 
the NE at the polar regions. Of the multinucleate species 
studied to date, all posses the perinuclear ER system, 
(McDonald 1972, Scott et al 1980, Phillips and Scott 1981, 
Dave and Godward 1982). This PER system could therefore 
function to isolate the dividing nucleus from other nuclei 
and the cytoplasm just as does the completely intact NE of 
dividing multinucleate plant and animal cells. The 
presence of PER in R_^  violacea and ectocarpum is
interesting since uninucleate species would not need a PER 
system. The presence of PER in a uninucleate species of 
red algae could be an indication of a possible derived 
condition in which a uninucleate unicellular spore of a 
multinucleate ancestral alga failed to undergo
differentiation and survived as a unicell.
The fragments of membrane located at the division 
poles at metaphase could serve as a structure serving to 
aid in the assembly of the spindle MT's. It has also been 
suggested (Hepler 1980, Hepler et al 1981) that these 
membranes could serve as an anchor against which a force 
could be generated, possibly functioning in chromosomal 
movement. Additionally, calcium has been shown to be 
present in the membranes associated with the mitotic
46
apparatus of other plant cells (Hepler, 1980, 1980, Hepler 
et al 1981). If it is present in the PER of the 
Rhodophyta, the calcium found in the mitotic spindle could 
be regulated by the PER, and could function in the 
disassembly of the MTs, aiding in chromosomal movement.
Anaphase and telophase mechanisms do not seem to vary 
much within the Rhodophyta. However, there is a 
difference observed in R_^  violacea which merits comment. 
The typical anaphase pattern among the Rhodophyta consists 
of a very elongated interzonal region, such that the 
dividing nucleus often extends over the entire length of 
the cell by late telophase (McDonald 1972, Schornstein and 
Scott 1980, 1982, Scott et al 1980, Phillips and Scott 
1981, Dave and Godward 1982, Scott 1983, Davis and Scott 
1986, Scott 1986). The interzonal region separates from 
the two newly forming daughter nuclei late in telophase. 
However, in R^ violacea, it looks as though there is very 
little interzonal elongation before the interzone 
degenerates. The interzonal region becomes invaded with 
vacuoles and possibly plastid components which may serve 
to separate the dividing nucleus without the formation of 
a complete and separate membrane bound interzonal midpiece 
(IZM). Therefore there is relatively little elongation of 
the nucleus before the dividing nucleus completes its 
cleavage into two nuclei. The duration of telophase may 
be truncated as a result of the activity of the vacuoles 
in the interzone and therefore difficult to locate. This
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is clearly a unique arrangement in the Rhodophyta.
The two forming nuclei are held apart in different 
ways during cytokinesis among the Rhodophyta. The most 
common mechanism occurs in the multicellular organisms 
where there is usually a central vacuole which enters 
between the two daughter nuclei. Among the unicells, it 
appears that the chloroplast remains between the two 
nuclei, functioning to keep them separate. In R. 
violacea, it does not seem that the chloroplast serves 
this purpose. The pyrenoid of the chloroplast stretches 
along the length of the nucleus throughout anaphase and 
telophase. The pyrenoid also stretches between the two 
nascent daughter nuclei and across the cleavage furrows 
during the entirety of cytokinesis, but it is not likely 
that it serves the function of separating the nuclei. 
What appears to act in keeping the two daughter nuclei 
separated is the MT system and MTOC material which extends 
from the zone of exclusion located in opposite regions at 
the periphery of the cell. This MT system seems to exert 
some sort of tension on both the nucleus and the pyrenoid, 
as is seen by the drawn out ends of both organelles where 
the MT attach to them. To date, this situation is unique 
to R^ _ violacea.
This study provides ultrastructural information for 
the red alga R^ violacea which could be useful at two 
levels. First, it describes features in this organism 
which had never been observed before. On the second
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level, it provides certain taxonomic information which 
supports previous suspiscions that the order in which it 
has been placed, the Porphyridiales, is not a natural one 
(Garbary et al 1980, Gabrielson and Garbary 1985, 1986) . 
Furthermore, it suggests that the taxonomy of the members 
of the genus Rhodella need to be reevaluated in terms of 
their vegetative and mitotic ultrastructural similarities 
and differences.
As it stands now, only two of the four species
assigned to this order, Rhodella maculata and Rhodella 
violacea possess the characteristics originally described 
for this genus (Evans 1970). The characteristics of
Rhodella cyanea however, resemble those of Glaucosophaera
much more so than those of Rhodella. Although the overall 
shape of the plastid of Rhodella reticulata is very 
similar to that of R_^  violacea and R_^  maculata, this 
species has such different vegetative and mitotic 
ultrastructural characterisics that it is more likely that 
R. reticulata belongs in a completely new genus rather
than in the genus Rhodella.
The uniformity of most ultrastructural features 
within the Florideophyceae contrasts sharply with the 
diversity observed among the Bangiophyceae. However, 
within the Bangiophyceae, this contrast is even more 
astounding when comparing the order Porphyridiales with 
the other orders of this subclass. Aside from being 
unicellular or colonial, there are few ultrastructural
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features shared among the members of the Porphyridiales. 
Many members of the order Porphyridiales share more 
features with the higher orders of red algae than with the 
other unicells.
Comparisons of the organelle associations of 
dictyosomes between the members of the Porphyridiales with 
the higher orders of the Bangiophyceae show that R. 
violacea and R_^  maculata share an ER-dictyosome 
association with the Compsopogonales, Erythropeltidales 
and Rhodochaetales. However, the peripheral encircling 
thylakoid feature is more difficult to evaluatee. It is 
both found in the most "primitive" species of the 
Rhodophyta, Cyanidium caldarium and Rhodosorus marinus and 
throughout the subclass Florideophyceae, which includes 
the most "advanced" members. It therefore appears that 
the absence of the encircling thylakoid is a secondarily 
derived condition (Pueschel and Magne 1987). This 
possibility is further complicated by the possibilities of 
endosymbiotic and convergence discussed earlier (Heath 
1986).
The mitotic features of R^ violacea are similar to 
those of _F^  sanguinaria, but have very little in common 
with P^ purpureum. The major distinction in mitotic 
ultrastructure between F_^  sanguinaria and R^ _ violacea is 
the absence of PER in the former. Contrary to what is 
found in P^ purpureum, features such as a diffuse MTOC 
region, broad division poles containing membrane
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fragments, PER and more than one MT connected to each 
kinetochore, are more suggestive of a multicellular, 
multinucleate ancestry with subsequent reduction to a 
unicelluar form than of the retention of a "primitive" 
condition (Garbary et al 1980) . With some speculation, 
since R^ _ violacea shares several unique vegetative and 
mitotic ultrastructural features (Scott unpublished 
observations), it is conceivable that violacea could
have originated from a spore of one of the members of 
either the Erythropeltidales or the Compsopogonales. The 
theory of an undifferentiated spore being able to survive 
to become perpetuated as unicellular organisms is 
discussed in Lee (1974) and Garbary et al (1980).
A decision as to whether the variations in cell 
division of R_^  violacea are sufficiently significant to 
add an additional pattern to the five existing mitotic 
patterns will have to wait until more mitotic studies are 
done on members of the Porphyridiales. The next step to 
take should be to study the mitotic pattern of R. 
maculata, an organism which shares many vegetative 
ultrastructural features with R_^  violacea. The mitotic 
patterns of P^ aerugineum should also be examined and the 
studies of R_^  reticulata should be continued. The results 
of these investigations are likely to be very useful in 
determining the phylogeny of the members of the 
Porphyridiales and the members of the genus Rhodella.
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Table 1.
ULTRASTRUCTURAL STUDIES OF MITOSIS IN THE RHODOPHYTA
SUBCLASS BANGIOPHYCIDAE 
Order Porphyridiales
Family Porphyridiaceae 
Porphyridium purpureum
Flintiella sanguinaria 
SUBCLASS FLORIDEOPHYCIDAE 
Order Batrachospermales
Batrachospermum ectocarpum 
Order Rhodymeniales 
Lomentaria baileyana 
Order Ceramiales
Family Delessariaceae 
Apoglossum ruscifolium 
Membranoptera platyphylla 
Family Dasyaceae 
Dasya bailloviana 
Family Rhodomelaceae
(Schornstein and Scott 
1980, 1982 Bronchart, and
Demoulin 1977)
(Scott 1986)
(Scott 1983)
(Davis and Scott 1986)
(Dave and Godward 1982) 
(McDonald 1972)
(Phillips and Scott 1981)
Polysophonia denudata 
Polysiphonia harveyi
(Scott et al 1980) 
(Scott et al 1980)
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Table 2
Vegetative Structures Believed To Be of Taxonomic Importance In The
Red Algae
Taxon Chloroplast Thylakoid Dictyosome Associations
Arrangement
Bangiophycideae
Porphyridiales
Compsopogonales
Erythropeltidales
Rhodochaetales
Bangiales
Florideophycideae
Nemaliales
Acrochaetales
Batrachospermales
Gelidiales
Hildenbrandiales
Corallinales
Palmariales
Bonneraaisoniales
Cryptonemiales
Gigartinales
Rhodymeniales
Ceramiales
Peripheral thylakoid 
present in some 
forms, absent in 
others
Peripheral thylakoid 
Peripheral thylakoid 
Peripheral thylakoid
Peripheral thylakoid 
present in "leafy'* 
but not "filamentous" 
phase of life history
Peripheral thylakoid 
present in some 
forms, absent in 
others
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
Peripheral
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
thylakoid
Mit.-ER
ER
NE
ER
ER
ER
Mit.-ER
Mit.-ER
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit. 
Mit.
-ER
-ER
-ER
-ER
-ER
-ER
-ER
-ER
-ER
-ER
-ER
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Table 3.
COMPARATIVE ULTRASTRUCTURAL FEATURES OF UNICELLS IN THE ORDER
PORPHYRIDIALES
Rhodella violacea Rhodella reticulata
1.Pyrenoid is thylakoid-free Pyrenoid is traversed by 
thylakoids
2.Nuclear projection into 
pyrenoid
Nuclear projection into 
pyrenoid absent
3.Chloroplast peripheral
encircling thylakoid absent
Chloroplast peripheral 
thylakoid present
4.Dictyosomes not associated 
with any organelles
Dictyosomes consistently 
associated with nucleus
5.Diffuse MTOC substance 
surrounding polar ring
Prominant MTOC substance 
surrounding polar ring
6.Broad polar MT-containing 
nuclear pocket at 
prometaphase
One MT-containing polar 
cytoplasmic channele at 
prometaphase
7.Metaphase polar gap 
filled with membrane 
fragments and diffuse 
MTOC substance
Metaphase polar gap 
"plugged1 with prominant 
MTOC substance
8.Pyrenoid extensions
intimate with metaphase/ 
anaphase poles
No intimacy between pyrenoid 
and nucleus
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Table 3 continued
Porphyridium purpureum
1.Pyrenoid traversed by 
thylakoids
2.Nuclear projection into 
pyrenoid absent
3.Chloroplast peripheral 
encircling thylakoid absent
4.Dicytosomes associated with 
mitochondria
5.Diffuse MTOC substance 
surrounding non-ring shaped
NAO
6.Single MT-free polar
invagination at prometaphase
7.Small polar gap at each pole 
filled with MTOC 
substance
8.No intimacy between 
nucleus and pyrenoid
Flintiella sanguinaria
Pyrenoid absent
Pyrenoid absent
Chloroplast peripheral 
encircling thylakoid absent
Dictyosomes associated with 
mitochondria
Diffuse MTOC substance 
surrounding polar ring
Two polar MT-containing 
cytoplasmic channels
Large polar gap at each pole 
filled with membrane 
fragments and diffuse MTOC 
substance
Pyrenoid absent
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Table 3 continued
Rhodella maculata
1.Pyrenoid is thylakoid-free
2.Nuclear projection into 
pyrenoid present
3.Chloroplast peripheral 
encircling thylakoid absent
4.Dictyosomes not associated 
with any organelles
5.?
6. ?
Porphyridium aerugineum
Pyrenoid traversed by 
thylakoids
Nuclear projection into 
pyrenoid absent
Chloroplast periferal 
encircling thylakoid absent
8. ?
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Table 3 continued
Glaucosphaera vacuolata
1.Pyrenoid absent
2.Pyrenoid absent
3.Chloroplast peripheral 
encircling thylakoid present
4.Dictyosomes associated with 
nucleus
5.?
6.?
7.?
8.?
Rhodella cyanea
Pyrenoid absent
Pyrenoid absent
Chloroplast peripheral 
encircling thylakoid present
Dictyosomes associated with 
nucleus
?
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Table 3 continued
Cyanidium caldarium
1.Pyrenoid absent
2.Pyrenoid absent
3.Chloroplast peripheral 
encircling thylakoid present
4.?
5.?
6.?
7.?
8.?
Rhodosorus marinus
Pyrenoid devoid of 
thylakoids
Nuclear projection into 
pyrenoid absent
Chloroplast peripheral 
encircling thylakoid present
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Table 4.
MITOTIC ULTRASTRUCTURAL FEATURES OF POSSIBLE TAXONOMIC IMPORTANCE
Feature Polysiphonia* Lomentaria
Predominant Cell
Type
multinucleate multinucleate
Late Prophase 
N.E. Polar 
Condition
one nuclear 
protrusion at 
each pole
two nuclear 
pockets at 
each pole
Prophase- 
Metaphase Zones 
Of Exclusion
large with many 
associated MTs
large (MTs?)
NAO Type bipartite; 
superimposed equal­
sized proximal and 
distal rings
bipartite; 
superimposed equal­
sized proximal and 
distal rings
NAO
Prometaphase
Behavior
proximal and distal 
rings disjoin; 
proximal portion stays 
attached to N.E.
proximal and distal 
rings disjoin; 
proximal portion stays 
attached to N.E.
Prometaphase MT- 
Containing 
Cytoplasmic 
Channels
absent two short channels 
at each pole 
lacking MTs
Metaphase N.E. 
Condition
intact except for 
small fenestrations 
at each pole
intact except for 
fragments of membrane 
at each pole
Kinetochore And 
Nonkinetochore 
Spindle MT's
present present
Kinetochore
Structure
large, three 
layered
small, indestinct, 
three layered
# MT's/ 
Kinetochore
several more than one
Perinuclear
E.R.
2-3 cisternae 1-2 cisternae not 
encompassing poles
Elongated Late 
Anaphase IZM
( + ) ( + )
Cytokinetic
Apparattus
cleavage furrows 
which grow through 
central vacuole 
separating daughter 
nuclei
cleavage furrows 
which grow through 
central vacuole 
separating daughter 
nuclei
*Polysiphonia is only one of three genera within the Ceramiales that 
have been studied, but is most representative of that order
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Table 4 continued
Feature Batrachospermum Flintiella
Predominant Cell 
Type
uninucleate uninuceate
Late Prophase 
N.E. Polar 
Condition
two nuclear 
pockets w/ MTs 
at each pole
two nuclear 
pockets w/ MTs 
at each pole
Prophase- 
Metaphase Zones 
Of Exclusion
++ w/ MTs at 
each pole
++ w/ MTs at 
each pole
NAO Type bipartite 
polar ring within 
a ring
bipartite; 
superimposed equal­
sized proximal and 
distal rings
NAO
Prometaphase
Behavior
(?) (?)
Prometaphase MT- 
Containing 
Cytoplasmic 
Channels
two at each 
pole
two at each 
pole
Metaphase N.E. 
Condition
intact except for 
large gap at each 
pole
intact except for 
large gap at each 
pole
Kinetochore And 
Nonkinetochore 
Spindle MT's
< + > ( + )
Kinetochore
Structure
indistinct indistinct
# MT's/ 
Kinetochore
(?) few
Perinuclear
E.R.
(+) 1-2 cisternae not 
encompassing poles
(-)
Elongated Late 
Anaphase IZM
( + ) ( + )
Cytokinetic
Apparattus
cleavage furrows 
which grow through 
central vacuole 
separating daughter 
nuclei
cleavage furrows 
which grow through 
enlarged chloroplast 
separating daughter 
nuclei
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Table 4 continued
Feature Porphyridium R. reticulata
Predominant Cell uninucleate uninucleate
Type
Late Prophase one nuclear one nuclear
N.E. Polar 
Condition
pocket at 
each pole 
lacking MTs
pocket at 
each pole
Prophase- 
Metaphase Zones
(+) with small 
extranuclear
( + ) with 
extranuclear
Of exclusion MTs MTs
NAO Type bipartite; large 
oblong proximal 
granule w/ small 
discoid distal part
bipartite; 
superimposed equal­
sized proximal and 
distal rings embedded 
in dense spherical 
MTOC material
NAO
Prometaphase
Behavior
proximal portion 
breaks down, distal 
lies free of N.E. in
proximal and distal 
parts disjoin; PR 
now lies above MTOC
zone of exclusion material
Prometaphase MT- 
Containing 
Cytoplasmic 
Channels
(-) one at each pole
Metaphase N.E. 
Condition
intact except for 
small gap at each 
pole
intact except for 
small gap plugged 
w/ MTOC material 
at each pole
Kinetochore And ( + ) ( + )
Nonkinetochore
Spindle MT's
Kinetochore
Structure
small, simple small, simple
# MT's/ 
Kinetochore
one one (?)
Perinuclear (-) (-)
E.R.
Elongated Late 
Anaphase IZM
( + ) (-)
Cytokinetic
Apparattus
cleavage furrows 
which grow through 
enlarged chloroplast 
separating daughter 
nuclei
cleavage furrows 
which grow through 
enlarged chloroplast 
separating daughter 
nuclei
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Table 4 continued
Feature R. violacea
Predominant Cell uninucleate
Type
Late Prophase single, broad
N.E. Polar nuclear pocket
Condition at each pole
Prophase- ++ with many
Metaphase Zones associated MTs
Of Exclusion
NAO Type bipartite; small
superimposed equal­
sized proximal and 
distal rings________
NAO
Prometaphase
Behavior
(?)
Prometaphase MT- (-)
Containing
Cytoplasmic
Channels
Metaphase N.E. intact except for
Condition broad membrane-
filled gap at 
each pole____
Kinetochore And 
Nonkinetochore 
Spindle MT's
(+)
Kinetochore
Structure
indistinct
# MT's/ 
Kinetochore
few
Perinuclear (+) 1-2 cisternae not
E.R. encompassing poles
Elongated Late 
Anaphase IZM
(-)
Cytokinetic cleavage furrows
Apparattus which grow through 
elongated pyrenoid 
seperating daughter 
nuclei
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Fig. 1. Medial section through vegetative cell showing pyrenoid 
(P), nucleus (N), highly dissected chloroplast (C) and 
starch grains (st). Note the nuclear projection into the 
pyrenoid (arrow) and a polar ring (arrowhead). xl5,480.
Fig. 2. Medial section of vegetative cell demonstrating typical 
Golgi (arrows), mitochondria (arrowheads) and chloroplast 
arrangement. The nucleolus (*) is prominent within the 
nucleus, vacuoles (v) are dispersed throughout the cell. 
xlO,080.
Fig. 3. Peripheral ER system with ER tubules of approximately 
equal diameter arising perpendicularly from the peripheral 
ER beneath the peripheral exclusion zone. These tubules of 
ER meet with the plasma membrane and fuse with it (arrows). 
The space between the peripheral ER and the plasma membrane 
is an exclusion zone devoid of any ribosomes or larger 
organelles. The darkly staining spheres, or osmiophilic 
granules (arrowheads) located within the chloroplast are 
believed to function in light detection. x40,320.
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Fig. 4. Glancing section through a cell showing the organization 
of the peripheral ER and the cylindrical interconnecting 
tubules extending to the plasmalemma. This micrograph 
reveals three distinct regions of the cell in tangential 
section. The darker, peripheral layer represents the plasma 
membrane (pm). The small, electron dense rings of membrane 
(arrowheads) represent the interconnecting tubules as they 
meet with and connect to the plasma mebrane. The next, 
lighter layer interior to the plasma membrane represents the 
ribosome-free exclusion zone (ez). This zone provides an 
obvious area which separates the peripheral ER (arrows) from 
the plasma membrane. It is believed that the region 
contains actin. The interconnecting tubules branch at right 
angles from the peripheral ER and fuse with the plasmalemma, 
where the lumen of the tubules is continuous with the 
extracellular space (compare with Figure 3). Interior to 
the exclusion zone is the cytosol. Polyribosomes are 
abundant at the region directly below the peripheral ER 
network (>>). Mitochondria are also observed (m). This 
section also reveals that the osmiophilic granules 
(eyespots) of the chloroplast are hexagonally arranged 
(*). x39,680.
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Fig. 5. Median section through chloroplast lobe showing the DNA 
center (d) within the stromal region and the spherical, 
slightly darker area of the stromal region, or "secondary 
pyrenoid" (s). Note the arrangement of the phycobilisomes 
along the thylakoids. x31,000.
Fig. 6. Median section through the pyrenoid showing the a
commonly observed pale inclusion (i). Note the similarity 
in staining qualities to the "secondary pyrenoid" of 
Figure 5. x28,52 0.
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Fig. 7. Longitudinal section of nuclear extension into the
pyrenoid (arrowhead). Note the electron-dense material at 
the tip of the projection. Also noteworthy is that the 
nucleoplasm and the pyrenoid matrix are kept seperate from 
each other via the double membranes which surround both the 
nucleus and the pyrenoid. x41,440.
Fig. 8. Longitudinal section of the nuclear projection into the 
pyrenoid. In this section, the electron-dense material is 
located at the base and tip of the projection. x41,44 0.
Fig. 9. Longitudinal section through two nuclear projections
into the pyrenoid. The electron-dense material within the 
projections is located throughout the entirety of the 
projections. x61,235.
Fig. 10. Transverse section through a nuclear projection into 
the pyrenoid (arrowhead). x44,800.
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Fig. 11. Section of a dictyosome at the cell periphery. Note 
the transition vesicles (arrows) between the peripheral ER 
and the cis-region of the dictyosome. The cisternae of the 
dictyosome are fused together, indicating that the Golgi 
apparatus is actively producing mucilage at this stage of 
the cell cycle. Secretory vesicles (arrowheads) at the 
trans-region are developing and are separating from the 
dictyosomes. x87,715.
Fig. 12. Section of a pair of dictyosomes located near the
nucleus. Although the ER is located at both faces of each 
dictyosome, the transitional vesicles are originating from 
the ER which lies distal to the nucleus (arrowheads) and 
the secretory vesicles (arrow) are separating from the 
trans-face of the dictyosomes, proximal to the nucleus.
Note that the cisternae are not fused. 
x44,800.
Fig. 13. A dictyosome in the active state featuring sequential 
separation of cisternae from the trans-face to become 
secretory vesicles. x51,305.
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Fig. 14. Grazing section through cytoplasm showing a
reticulated, compressed mitochondrion (arrowheads). 
xl6,560•
Fig. 15. Grazing section through the cytoplasm revealing 
portions of the unusual mitochondrial reticulum 
(arrowheads). x27,280.
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Fig. 16. Section of mitochondrion of an atypical appearance 
in R. violacea (arrowheads). x27,280.
Fig. 17. Periphery of cell of R. violacea showing
mitochondria of more conventional arrangement (arrows). 
Notice, however, that these also appear to be fused to 
each other. x28,520.
Fig. 18. Isolated smooth ER system (SER) found in various 
regions of the cytoplasm. x26,040.
Fig. 19. Transverse section of a polar ring (arrow) inside
the associated ribosome-free zone of exclusion. x79,440.
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Figures 2 0 and 21. Skipped serial sections of two early 
interphase polar rings (arrows) lying adjacent to 
eachother approximately 70-148nm from each other. 
X188,67 0.
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Figures 22 and 23. Skipped serial sections of a pre-prophase 
nucleus showing the two opposing polar regions 
(arrowheads). Note the accumulation of nuclear pores 
(arrows) at these protrusions. An exclusion zone (*) is 
fairly distinct in Figure 23. x27,280.
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Fig. 24. Early prophase nucleus with polar ring (arrow).
Note the flattened nuclear envelope which lies beneath 
the polar ring. xl9,220.
Fig. 25. Somewhat later in prophase the flattened nuclear
envelope beneath the polar ring begins to form a pocket. 
Nuclear pores remain concentrated in this region. The 
polar ring (arrowhead) is barely visible. xl9,22 0.
Fig. 2 6-2 7. Skipped serial sections of one late prophase/ 
early prometaphase polar region with a conspicuous 
exclusion zone (*). The pocket formed by the NE becomes 
filled with microtubules (arrowheads). Fig. 26. Note
the polar ring (arrow). Fig. 27. The nuclear envelope 
lining the pocket has begun to break apart, as revealed by 
this section which is deeper into the nucleus. 
x34,720.
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Fig. 28. Early prometaphase nucleus where only one pole is 
visible. The NE which had lined the base of the pocket 
during prophase has completely broken apart, leaving a 
broad gap (arrow). Note that the nuclear projection into 
the pyrenoid remains, but in an expanded form, and the 
electron-dense material which had occupied the projection 
during interphase has condensed into deeply staining 
material. xl9,840.
Fig. 29. Medial section through a mid-prometaphase nucleus.
Many MTs are located at each of the polar gaps, extending 
from the exclusion zone (*) and reaching into the region of 
condensing chromatin. The pyrenoid reamins closely 
associated with the nucleus. Note the folding back of the 
nuclear envelope upon itself (arrowhead) and the remnant of 
part of the nuclear envelope at the other pole (arrow). 
xl9,840.
Fig. 30. Higher magnification of the upper polar region of 
figure 29 to more explicitly show the microtubules 
(arrowheads) within the polar gap and the perinuclear ER 
(arrows) around the nuclear envelope. x34,72 0.
Fig. 31. Late prometaphase nucleus. The chromosomes are
beginning to line up in the typical metaphase arrangement. 
The perinuclear ER is persistent (arrows). Note that the 
pyrenoid is situated very near the division pole within the 
MTOC region. SER is located at the nucleoplasm/cytoplasm 
interface (arrowheads). x22,32 0.
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Fig. 32. Metaphase nucleus. Smooth ER tubules are conspicuous 
at the polar regions (arrows). Numerous microtubules 
extend from the exclusion zones to the metaphase 
chromosomes (me) and insert onto the indistinct 
kinetchores (arrowheads). What appears to be nucleolar 
material (*) has been pushed off to the sides of the 
nucleus, forming bulges near each pole. The pyrenoid 
remains closely associated with the nucleus. Perinuclear 
ER is evident around the nucleus where no other organelle 
is closely associated (») . x51,520.
Fig. 33. Higher magnification of polar region of a metaphase 
nucleus. Note the prominent perinuclear ER (>>). 
Microtubules (arrowheads) converge on the MTOC material 
(*) within which lies the SER (arrows). The pyrenoid is 
very closely associated with the polar region. x51/52 0.
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Fig. 34. Metaphase nucleus demonstrating the orientation
between the pyrenoid and the nucleus. The dark spherical 
bodies (arrowheads) are extensions of the pyrenoid.
Xl9,840.
Fig. 35. Mid-anaphase nucleus. Nonkinetochore MTs are
evident in the interzone (iz). The pyrenoid remains 
closely associated with the poles. Note that 
although the chromosomes have almost reached the 
poles, there is relatively little elongation of the 
nucleus as a result of polar migration (anaphase B). 
xl7,360.
Fig. 36. Late anaphase nucleus. Individual chromosomes, 
kinetochore and nonkinetochore MTs can be discerned. 
Vacuoles (v) begin to invade the interzone during 
middle to late anaphase. Perinuclear ER is still 
present (arrowheads). x27,280.
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Fig. 37. Telophase nucleus. The nuclear envelope around 
the interzone is degenerating. Perinuclear ER 
remains prominent (arrowheads). A few microtubules 
are still visible. x9,010.
Fig. 38. Early cytokinesis showing the two nascent daughter 
nuclei. Note the abundance of vacuoles between the 
tapered daughter nuclei and the dense exclusion zone 
at the apices of the nuclei (arrowhead). x6,210.
Fig. 39. Periphery of cell during mid-cytokinesis. The MTOC 
material has migrated to the periphery of the cell. 
Microtubules extend from this region toward the tapered 
pyrenoid (P) and daughter nucleus (N). Within the MTOC 
material(*) is a polar ring (arrowhead) which has 
separated into its component parts. x33,600.
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Fig. 40. Mid-cytokinesis. Only one daughter nuclleus is
visible in this section. The nucleus retains its close 
association with the pyrenoid. The pyrenoid extends to 
both sides of the cleavage furrow, and will be divided 
equally between each of the daughter cells. xl0,3 50.
Fig. 41. Late cytokinesis. The cells form the
characteristic "dumbbell" shape of dividing unicellular 
red algae. The chloroplast, including the pyrenoid, has 
been cleaved in two, one for each newly formed cell.
The nucleus is still held close to the periphery of the 
cell by the MTs and remains spindle-shaped. The MTOC 
material (*) is still visible. x!0,350.
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Fig. 42. Composite drawing of a vegetative cell demonstrating 
the arrangement of structurally significant organelles.
Fig. 43. Composite drawing of a metaphase cell demonstrating
the characteristic arrangement of organelles at this phase 
of cell division.
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